Abstract: Reef-building corals inhabit a variety of aquatic habitats with a range of light conditions. Because the coral host depends on photosynthetic products assimilated from endosymbiotic algae, reef-building corals have to cope with irradiance fluctuations on instantaneous to seasonal time scales. Underwater highfrequency light fluctuations resulting from the lens effect on the water surface are prominent in oligotrophic coral reef environments, a phenomenon known as flicker light. Effects of flicker light on endosymbiont photosynthesis of the reef-building coral Acropora digitifera (Dana, 1846) were evaluated with pulse amplitude modulation chlorophyll fluorometry. At supersaturating light intensities, photosynthesis was less inhibited by flicker light than by constant light. Reduction in photoinhibition by flicker light was pronounced at high water temperatures. Flicker light may strongly influence endosymbiont photosynthesis of corals inhabiting shallow reef habitats, especially during periods of strong solar irradiance and high water temperature.
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Reef-building corals flourish in shallowwater habitats in the subtropics and tropics, where strong sunlight reaches much deeper than in temperate oceans. Oligotrophic seawater limits phytoplankton blooms, resulting in transparent water conditions on coral reef habitats. To adapt to the oligotrophic conditions and high solar irradiance, reef-building corals have evolved a symbiosis with dinoflagellates (zooxanthellae) in which algal photosynthesis provides essential energy for the host animal (Muscatine 1967) . For most reef-building corals, therefore, symbiosis is obligatory, and the corals cannot survive without algal photosynthesis. In this context, similar to terrestrial plants, light is an important determinant factor for growth and survival of reef-building corals. On a sunny day, ripples on the water surface cause considerable heterogeneity of subsurface light through a lens effect that simultaneously focuses and diffuses sunlight in the upper few meters (Drew 1983, Larkum and Barrett 1983) , producing a constantly moving pattern of interspersed light and shadows on the substrate ( Figure 1A and B). Due to the lens effect, light intensity in shallow-water environments sometimes reaches more than 9,000 mmol photons m À2 sec À1 , corresponding to 300 to 500% of the surface light intensity (Schubert et al. 2001 , in shallow estuary). The lens effect produced by waves generates narrow belts of supersaturating light (e.g., more than 500% of the ambient light intensity) that pass over the bottom surface for less than a second. In addition to the focusing effect of light, curvature of the water surface also produces a lower light intensity regime, namely, a light defusing effect (Schubert et al. 2001) . The light diffusing effect may serve as a relaxation period for algal photosynthesis.
Although light is essential for photosynthesis, excessively strong light destroys the photosynthetic apparatus, a phenomenon referred to as photoinhibition or photodamage (Barber and Andersson 1992, Aro et al. 1993) . Photoinhibition refers to both reversible and irreversible effects of excessive light on a photosynthetic apparatus (Osmond 1994) , and photodamage refers specifically to irreversible effects. Recent studies have suggested that photoinhibition is involved in the initial stage of coral bleaching HoeghGuldberg 2001, Warner et al. 2002) , especially in shallow habitats where corals are exposed to strong irradiance during low tide ( Jokiel 1980 , Falkowski et al. 1990 , Brown et al. 1994 , 2000 , Kirk 1994 ). Until recently, there has been little information on the effects of flicker light on coral photosynthesis.
Because flicker light potentially produces excessively strong light as well as dimmer light intensities, such fluctuations may have profound effects on photosynthesis of shallow corals. We conducted a series of laboratory experiments with the reef-building coral Acropora digitifera (Dana, 1846), a species predominantly found in shallow reef habitats ( Figure 1C ) , to examine the effects of flicker light on photoinhibition of coral photosynthesis.
materials and methods

Sample Preparation
Branching colonies of Acropora digitifera (Figure 1C ) were collected from a shallow (<1 m low-tide depth) reef flat at Bise reef, northern Okinawa Island, Japan, in August 2004. Coral colonies were immediately broken into small branches (4-5 cm length) using a chisel and hammer. Each branch was attached to a 2 cm polycarbonate screw using superglue (Alone-alpha, Toagosei, Japan). Samples were kept in an outdoor aquarium (1.0 by 2.0 by 0.6 m, supplied with 5 liters min À1 seawater) at Sesoko Tropical Biosphere Research Station, University of the Ryukyus, Japan. Sunlight intensity was attenuated by black nylon mesh (approx. 50% reduction). The water surface was continuously stirred by underwater pumps (RSD-40, Iwaki Pumps, Japan) along with aeration bubbles. Samples were acclimatized in the tank for 10 months before the experiments.
Photochemical efficiency, measured as maximum electron transport rate in Photosystem II (a protein complex embedded in thylakoid membrane of chloroplast that uses light to reduce molecules for photochemical reaction in photosynthesis) (Schreiber et al. 1986 (Schreiber et al. , 1995 , depends on light intensity. For example, the maximum electron transfer rate (ETR) in algal symbionts of A. digitifera was achieved at 200 mmol photons m À2 sec À1 , and it showed a steep decline at a light intensity higher than 500 mmol photons m À2 sec À1 , indicating light-induced inhibition of photosynthesis (i.e., photoinhibition [ Figure 2] ). Based on these results, we applied a light intensity of 80 mmol photons m À2 sec À1 as a subsaturating light condition (nonharmful light condition) and 500 mmol photons m À2 sec À1 as a supersaturating light condition (excessively strong light condition) in the following experiments. During the experiment, the light intensity was checked every 5 min using the photosynthetically active radiation sensor (SA40 LI-COR).
Measurement of Chlorophyll Fluorescence
To assess photosynthetic response of the in hospite (symbiont in the intact state within the host cell) symbiotic algae within A. digitifera, we measured chlorophyll a fluorescence emitted from the algae with a Diving pulse amplitude modulation fluorometer (Walz, Effeltrich, Germany). Maximum potential yield of Photosystem II was calculated from (Schreiber et al. 1986 ). Dark-adapted Fv/Fm is a reliable measure of the photochemical efficiency of Photosystem II (Demmig and Bjorkman 1987) , and decrease in Fv/Fm value has been applied as a good indicator to monitor photoinhibition of photosynthesis (Franklin et al. 1992 ). In our study we used Fv/Fm to assess photoinhibition of in hospite algal photosynthesis (Takahashi et al. 2004) .
For the subsaturating light regime experiments, samples were kept at 28 C. Control samples were exposed to a constant light intensity of 80 mmol photons m À2 sec À1 for 60 min. Three flicker light treatments were examined to investigate effects of short-term light fluctuation on symbiont photosynthesis (flicker treatments 1-3): (1) 0.2 sec of 3,000 mmol photons m À2 sec À1 followed by 9.8 sec of 20 mmol photons m À2 sec À1 as background light, (2) 0.4 sec of 2,000 mmol photons m À2 sec À1 followed by 9.6 sec of 20 mmol photons m À2 sec À1 as background light, (3) 2.6 sec of 310 mmol photons m À2 sec À1 followed by 7.4 sec of 5 mmol photons m À2 sec À1 as background light. These patterns were repeated every 10 sec for 60 min. Dark-adapted Fv/ Fm was measured before and after the light exposure period (n ¼ 5 colonies in each treatment).
For the supersaturating light regime experiments, samples were kept at 28 C. Control samples were exposed to the constant light intensity of 500 mmol photons m À2 sec À1 . Four flicker light treatments were applied to the corals (flicker treatments A-D): (A) 3 sec of 650 mmol photons m À2 sec À1 followed by 7 sec of 450 mmol photons m À2 sec À1 , (B) 3 sec of 1,000 mmol photons m À2 sec À1 followed by 7 sec of 290 mmol photons m À2 sec À1 , (C) 3 sec of 1,300 mmol photons m À2 sec À1 followed by 7 sec of 160 mmol photons m À2 sec À1 , (D) 3 sec of 1,700 mmol photons m À2 sec À1 followed by 7 sec of 20 mmol photons m À2 sec À1 . These patterns were repeated every 10 sec for 60 min. Dark-adapted Fv/Fm was measured before and after the light exposure period (n ¼ 5 colonies in each treatment).
For the temperature-controlled experiments, effects of constant light of 500 mmol photons m À2 sec À1 and flicker treatment C were examined at four different temperatures (28, 30, 32, and 34 C). Dark-adapted Fv/Fm was measured before and after the 60-min exposure period (n ¼ 5 colonies in each treatment).
In the artificial flicker light experiments, the integral light intensity per hour was kept constant (e.g., 84-85 mol photons m À2 sec
À1
for subsaturating light experiments or 500-524 mmol photons m À2 sec À1 for supersaturating light experiments and temperaturecontrolled experiments). All the light exposure programs were carried out using the controls on the pulse amplitude modulation fluorometer.
Results were subjected to analysis of variance (ANOVA), and mean values were compared by the Tukey's test (P ¼ .05). A twoway ANOVA was used to test for significance in Fv/Fm differences among subsaturating light treatments (df ¼ 3) at initial and at 60-min exposure time. A two-way ANOVA was used to test for significance in Fv/Fm differences among supersaturating light treatments (df ¼ 4) at initial and at 60-min exposure time. A three-way ANOVA was used to test for significant differences in the interaction among light treatments (df ¼ 1), time (df ¼ 1), and temperatures (df ¼ 3). Homo- Note: Asterisks indicate significant difference: *, P < .05; **, P < .01; ***, P < .001; NS, no significant difference. geneity of variance and normality were first determined, and transformations were used when necessary. The post hoc Tukey HSD procedure was used for multiple group comparisons. The statistical analyses were performed using Statistica software (Version 5.5, StatSoft, USA). Figure 3 ). However, flicker treatment 3 resulted in decreased Fv/Fm after 60 min and differences in Fv/Fm from the control (Table 1, Figure 3) .
At 28 C and supersaturating light intensity, the control group (constant light intensity of 500 mmol photons m À2 sec À1 ) showed a decline in Fv/Fm after 60 min (Table 2, Figure 4 ). Flicker treatments A and B showed Note: Asterisks indicate significant difference: *, P < .05; **, P < .01; ***, P < .001; NS, no significant difference.
Flicker Light Effects on Coral Photosynthesis . Nakamura and Yamasaki similar reductions in Fv/Fm after 60 min or no differences in Fv/Fm from the control (Table 2, Figure 4) . However, Flicker treatments C and D resulted in higher Fv/Fm than the control group (Table 2, Figure 4) , indicating that the flicker treatments reduced photoinhibition.
Effects of Flicker treatment C were examined at four different temperatures (28, 30, 32, and 34 C) . The results showed that the effect of temperature on photoinhibition was significant in A. digitifera. The significant temperature-time interaction suggests that the effect of temperature on photoinhibition (the time effect in ANOVA) depends on temperature. Photoinhibition in flicker light was lower (i.e., Fv/Fm was higher) than in constant light at each temperature (Table 3 , Figure 5) . The average difference between the constant and flicker light treatments at each temperature was 0.066 (@10% of initial Fv/ Fm value). discussion Light intensity on the earth's surface depends on solar angle, as well as the degree of scattering and absorption of sunlight by the atmosphere. However, such variability is relatively small compared with the changes that light undergoes underwater. In shallow reef habitats, corals are frequently exposed to strong and highly fluctuating light conditions. The underwater light environment is primarily affected by: (1) temporal heterogeneity due to solar angle, (2) water surface effects, (3) depth-related spectral changes, and (4) attenuation of light intensity with depth. Among these four factors, the water surface plays the most dynamic role in shallow-water light intensity (Campbell and Aarup 1989) , mostly due to wave lens effects. Our study provides the first experimental evidence of a positive effect of flicker light on coral symbiont photosynthesis.
Corals on shallow reefs are subject to highly fluctuating flicker light produced by the lens effect ( Figure 1A, B) . Although light is the ultimate energy source of photosynthesis, exposure to excessive light intensity is a major stress factor for algal photosynthesis (Brown et al. 2000) . Prolonged exposure to excessive light causes photoinhibition that may lead to irreversible photodamage, not only in corals ( Jokiel 1980 , Brown et al. 2000 , Takahashi et al. 2004 ) but also in phytoplankton (Neale 1987 ) and seaweeds (Herbert and Waaland 1988, Huppertz et al. 1990 ). Photodamage in corals has been suggested as a major cause of coral bleaching in shallow reef environments (Iglesias-Prieto et al. 1992 , Warner et al. 1996 , Jones et al. 1998 . Recent studies have suggested that photodamage of algal photosynthesis leads to dissociation of algae from the host coral, leading to coral beaching (Nakamura et al. 2005, Smith and Birkeland 2007) .
Although effects of light fluctuation on photosynthesis in free-living phytoplankton have been reported, a consistent interpretation is thus far lacking. In a mixed population of phytoplankton, Fréchette and Legendre (1978) found a decrease in CO 2 uptake activity under fluctuating light conditions, where- as Walsh and Legendre (1983) showed a higher CO 2 uptake activity under fluctuating light conditions. Using a monoculture of Dunaliella tertiolecta (Chrolophyta) grown under fluctuating light conditions, Queguiner and Legendre (1986) reported a decrease in photosynthetic efficiency. We consider it plausible that this discrepancy in results can be ascribed to the difference in the light intensity applied (Stramski et al. 1993) . In Figure  2 , we have drawn a light response curve of the symbiotic algae to determine the optimal light intensity. An optimal light intensity for photosynthesis varies among species, and it can be influenced by physical parameters such as temperature, CO 2 availability, and nutrients. Thus, it is important to know an optimal light intensity for each condition to assess flicker light effects. In this context, we suggest that flicker light effects vary among light intensities and species (Figures 4 and 5) .
This study demonstrates that flicker light at a supersaturating light intensity reduces photoinhibition of coral photosynthesis 
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Flicker Light Effects on Coral Photosynthesis . Nakamura and Yamasaki (Figure 4 ). It should be noted that the effect is pronounced at elevated seawater temperatures ( Figure 5 ), a condition where photodamage in corals is amplified ( Jones and Hoegh-Guldberg 2001 , Lesser and Farrell 2004 , Takahashi et al. 2004 , Smith and Birkeland 2007 . That is, elevated seawater temperatures exacerbate the effects of photoinhibition, but flicker light reduces photoinhibition. We may speculate on a potential hypothesis to explain how flicker light condition reduced photoinhibition in A. digitifera:
The degree of photoinhibition would be suppressed because of the shorter duration of the integrated period of supersaturating light under flicker light conditions, compared with the continuous supersaturating light regime. Therefore, during calm water conditions, corals would suffer a greater degree of photoinhibition due to the exposure to continuous supersaturating light. At the same time, corals would not experience periods of subsaturating light exposure, which is essential for the repair process of a damaged photosynthetic apparatus. Calm conditions are often related to an elevation of water temperature and a reduction of water circulation in shallow reef environments, and these factors in combination can greatly increase risk of coral bleaching. The hypothesis that less water circulation increases the tendency for bleaching (Nakamura and van Woesik 2001) is supported by a field observation (Loya et al. 2001 ) and experiments , Ulstrup et al. 2005 , Finelli et al. 2006 , Smith and Birkeland 2007 .
In the worst-case scenario, calm conditions accompanied by flattened water surface may facilitate severe bleaching in shallowinhabiting corals because the smooth water surface minimizes flicker light.
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